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Differentiation of the bite force response was investigated by training rats to
obtain water reinforcement by emitting bites with peak forces within 4 differ-
ent 500-gm.-wide bands of forces. All subjects learned to bite with peak forces
within each of the required bands, although the average maximum percent-
age of correct bites per session was only approximately 70%. Data were com-
pared with those from studies of differentiation of the paw-press force re-
sponse, and it was concluded that the differentiation process is similar in
the 2 dissimilar response <ystems, Beeause of the generudity of differentiation
findings acro=s motor sv=tems, it was suggested that methods and results from
studies of response differentiation might be used to increase our understand-

ing of motor system function.

Response differentiation has been investi-
gated by Skinner (1938), Herrick (1964),
Notterman and Mintz (19651, Ferraro.
Grilly, and Tang (1968), and Filion, Fow-
ler, and Notterman (1970). The results of
these studies suggest that a response should
not be considered as a “go-no-go” situation,
but rather as one in which quantitative
components or subcatcegories of the re-
sponse, such as force or duration, must be
taken into account. These components are
present in every response, and in every
learned action some type of differentiation
of response components takes place. For ex-
ample, the ubiquitous microswitch behind
levers and kevs in the usual operant bar-
press or key-peck apparatus determines the
force and duration of movement which
must be emitted by the subject in order that
the movement be accepted as a valid re-
sponse. The subject gradually learns,
through the process of response differen-
tiation, the particular force and/or duration
which must be applied in the case of each
individual operandum. The process of re-
sponse differentiation 1is essentially the
same as that of stimulus dizserimination,
with the exception that differentiation is

* This paper is based on portions of a disserta-
tion submitted to the Department of Psychology,
Stanford University, in partial fulfillment of the
requirements for the PhD degree.

* Requests for reprints should be sent to Nancy
G. Daunton, Neurosciences Branch, Ames Re-
search Center, National Aeronauties and Space
Administration, Moffett Field. California 94035.
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based on internal response-produced stim-
uli, while digerimination is based on extero-
ceptive stimuli.

Although response differentiation may be
of theoretical interest to behaviorists, it 1s
potentially more important from an applied
standpoint to those involved in the study of
the functioning motor system. The methods
used in and the results obtained from stud-
ies of responge differentiation can be used to
view in detail the behavioral processes in-
volved in the aequisition of motor re-
sponses. Combining this knowledge of be-
havioral processes with that of neural
processes obtained from neurophysiologieal
studics of the motor system, it may be pos-
sible to increase our understanding of the
way in which the motor system uses feed-
forward and fecdback mechanisms, prepro-
grammed neural subroutines, and various
types of sensory input in motor learning and
performance.

However, in order for the tool of response
differentiation to be of use in the study of
motor systems, it is necessary to show that
the behavioral results obtained in studies of
differentiation, such as those mentioned
previously, are applicable to a number of
different motor responsces. Previous research
in this area has dealt only with the paw-
press response. Although consistent results
have been obtained from this response sys-
tem, it is possible that these results reflect
only factors specific to this particular sys-
tem, rather than factors common to all
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motor response systems. The present re-
scarch, therefore, investigated another re-
sponse system, the bite response system, in
order to determine the generality of pre-
vious findings with respect to other motor
response systems.

The bite response system was chosen for
a number of reasons, in addition to its dis-
similarity to the paw-press system. These
reasons are as follows: (a) The bite response
has no possible visual feedback, and thus no
steps need be taken to climinate this extero-
ceptive cue when one wishes to study motor
learning based solely on response-produced
feedback; (b) the bite response is very nat-
ural to most subjects, espeeially when it re-
sults in the direct acquisition of food and
water; (c¢) from an evolutionary stand-
point, food gathering and consumption are
the most primitive of organized functions of
living organisms, thus suggesting that con-
trol systems for these functions are well or-
ganized, but somewhat less complex, than
those for more recently evolved functions.

The current research deals primarily with
the differentiation of response foree. Notter-
man and Mintz (1965) have described in
detail the differentiation of paw-press foree
in rats. Of special interest to the present
study are their data on differentiation
under band eriteria. In studies of differen-
tiation under band eriteria, reinforcement is
made contingent on bar presses with peak
forces lying between a lower and an upper
limit of foree. Among the important find-
ings obtained from this nvestigation were
that (a) rats learned to press a bar with
peak forees appropriate to the foree eriteria
upon which reinforcement was contingent;
(b) on the average, the maximum level of
performance or percentage of correct re-
sponses was around 55¢-63%%; and (c¢) there
was a high positive correlation between
foree of response and duration of response.
In the present study the methodology used
by Notterman and Mintz was followed as
closely as possible, so that bite foree differ-
entiation could be compared with that of
paw-press force. From this comparison
some conclusions can be drawn concerning
the generality of response differentiation
within different motor response systems.
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Subjects

Nine male Long-Evans rats weighing 400-500
gm. and 7-20 mo. old served as subjects. Each ani-
mal was individually housed in an animal holding
colony and was kept on a water-deprivation sched-
ule during the course of the experiment to main-
tain body weight at 80% of ad-lih body weight.
Standard laboratory rat chow was available on an
ad-lib schedule.

Apparatus

The essential components of the system used to
measure bite force and duration, to determine
whether these components of the response met
various preset requirements, and to deliver water
reinforcement, consisted of a strain-gauge force
transducer attached to a titanium bite piece, and
an IBM 1800 data acquisition and control svstem.
The grooved bite piece was triangular in shape
{when =cen in cross section) with the base 1.5 em.
wide and 2.0 em. long. The grooves, located near
the apex of the triangle. ensured that the animal
would always bite in the same place, and thus that
the force reading would be accurate and reliable.
In addition, the grooves caused the bite to be
essentially isometrie, the distance between the sub-
ject's upper and lower incizors during biting being
approximately .5 em. The strain gauge was calibra-
ted for forces within the 0-2,700 gm. range. with
1 gm. vielding 1 mv. The response of the device
wis shown to be linear within this range, and
accuracy was estimated to be within 10 gm. In the
center of the bite piece was a piece of 18-ga. stain-
less steel tubing through which water from a grav-
ity feed system could be presented , directly into
the subject’s mouth.

The analog signal from the foree transducer
wis sent directly into the IBM 1800 computer. The
computer =sampled and digitized input signals
above 400 mv. at a 1 msec. per point rate. Require-
ments for the maximum bite force and for the min-
imum bite duration were set into the control pro-
gram at the beginning of each session. If (a) the
maximum foree of the bite was within the preset
required band of forees and (b) the duration was
greater than the preset, required minimum dura-
tion, then at the end of the bite, when the foree
dropped below the 400-gm. level, the computer ef-
feeted a contact closure which resulted in the sub-
Ject’s receiving 03 ce of water as reinforcement.
The maximum or peak hite force, the total hite
duration, and the inferbite interval were stored in
the computer after each bite and were dumped to
magnetie tape at the end of each day’s group of
trials.

The bite transducer and the cradle for the re-
straining cage were situated in a standard Lehigh
Valley rat chamber located inside a room specially
shielded from electrical and acoustical noise. Sub-
joets were tested inoa exvlindrical wire-mesh re-
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straining cage (18 cm. long and 8 cm. in diameter),
which could be mounted in the cage cradle so that
the bite piece protruded 3 cm. into the front of
tlie restraining cage at the level of the rat’s mouth.
The onset of cue lights, located 7.5 em. behind the
bite piece and 3.5 cm. {0 either side and above it,
and a tone signaled times during which reinforce-
ment would be available should the subject make
the correct response.

Procedure

Pretraining. Using water as the reinforcer, sub-
jects were first trained to bite with peak forces
greater than 400 gm. This phase of pretraining was
usually accomplished within 3 V2-hr. sessions. The
400-gm. level was chosen as the mmmimum force
criterion because bites of lower peak forces tended
to run together and to be hard to distinguish as
discrete bites. Bites with peak forces under this
ceriterion level were not read by the computer and
thus were not considered responses. Reinforcement
was delivered upon the termination of the bite,
i.e., when the force returned below the 400-gm.
level. This procedure insured that the bite, as a
whole, discrete response, would be reinforced. and
it prevented 1he reinforcement of some particular
level of foree as it was reached.

Once subjects had attained a constant rate of
responding, as determined by an examination of
cumulative records, they were given training on a
cued 3-sec. differential reinforecement of low rates
schedule. This schedule required at least a 3-sec.
separation between every response. Availability of
reinforcement was signaled by the onset of tone
and light cues. When the subjects had learned to
respond correctly on this schedule, they were
placed on a 3-sec. fixed interval schedule. Under
this condition, responses with peak forces greater
than 400 gm. were reinforced if they occurred at
least 3 s=ec. after the previous correct response.
Thus. when tone and light cues were turned on. the
animal would bite, then get reinforeed if the bite
were foreeful enough. and the tone and light cues
would then go off for 3 sec. During this 3-:ec.
blackout. no bites would be read by the computer.
At the end of the blackout. the cues were again
turned on and reinforcement was available for a
correet. response. When subjects learned to re-
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spond primarily during the times when the cues
were on, they were moved to the training phase of
the experiment. Pretraining usually took 10-14
daily sessions.

T'raining. In this phase of the experiment, sub-
jects were required to bite with peak forces within
certain ranges or bands of forces when the cues
were on. If the peak force of a bite was below a
lower limit or higher than an upper limit of forces,
no reinforcement was given. Five different bands
were used: Band A = 700-1,100 gm., Band C =
1,100-1,500 gm., Band D = 1,500-1,900 gm., Band
I = 1,900-2,300 gm., and Band F = 2,300-2,700 gm.

Eight animals received training on an ascending
sceries of Bands A through E. These subjects were
given 16 daily trials at each band level. Each trial
consisted of 100 bites and lasted 6-10 min., depend-
ing on the response rate of the particular sub-
ject. On Band A, for example, subjects were rein-
forced when they emitted bites with peak forces
greater than 700 gm. but less than 1,100 gm. when
the cues were on. Reinforcement was presented for
bites with peak forces within the required band
upon termination of the bite. No bites during the
3-sec. blackout were aceepted or reinforeed by the
computer.

One additional subject received training on an
ascending (Bands A through F) and a descending
(Bands F through A) series. For this animal, as
many daily trials of 100 bites were run as were
needed to produce relatively stable performances
at each buand level. Stability was determined by
obzerving the learning curves and the mean peak
force curves,

REstLTS

Learning curves for the ascending train-
ing series are shown in Figure 1. These
curves show the percentage of responses
which were reinforeed in each trial aver-
aged over the 8 subjects. It can be seen that
these subjects were able to increase the
number of reinforeed responses obtained per
trial over the course of the 16 training
trials. By the sixteenth trial, under all but
the Band D condition, the subjects were ob-
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Fis. 1. Learning curves from the ascending training series.
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Fia. 2. Mean peak bite foree per trial from the ascending training series. (Abbreviation: B.L.

base line [no band requirement].)

taining reinforcement for approximately
70¢¢ of their bites. In individual cases, the
percentage of corrcet responses sometimes
rose as high as 85%. For certain subjeets
the learning curves reached an asymptote
within the 16 trials. For other subjects, it
appears that further learning would have
occurred if further trials had been given.
Figure 2 permits the comparison of the
mean peak force per trial, averaged over all
subjects, with the required forece band. This
ficure strikingly shows that the reinforce-
ment eriteria did control the level of the
cemitted bite forees. Another important fac-
tor to note in Figure 2 is the rapidity with
which the changes in the foree requirements

were adjusted to by the subjeets. In Band
C, for example, it appears that on the aver-
age subjects adjusted to the change very
quickly, sinee even during the first trial the
mean peak forees emitted were very close to
the required foree. There arc, however, indi-
vidual differences in the rate at which sub-
jeetz learn a new criterion. This rate is
somewhat dependent upon the band level,
with individual subjects adjusting to Bands
A and C within the first or second trial, and
Bands D and E within the second to the
fifth trial.

Figure 3 represents the mean duration of
bites within each of the 16 trials for each
hand averaged over all 8 =ubjects. It can be
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Fic. 3. Mean bite duration per trial from the ascending training series. (Abbreviation: B.L.. = base

line [no band requirement].)
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seen that the mean duration increased along
with the Increase in mean peak foree for
continuous reinforcement (pretraining),
Band A, and Band C, thus reflecting a posi-
tive correlation between peak force and du-
ration. For Bands D and E, however, the
averaged mean duration tended to remain
relatively constant. Four of the 8 subjects
showed high positive correlations between
peak force and duration regardless of the
band level (mean correlations for last 2
trials in each band were between .50 and
.60), while for the other 4 subjects the com-
parable correlations were much lower, al-
though still positive (between .17 and .34).

Relative variance, i.e., the ratio of the
standard deviation to the mean, was found
for peak force and duration and was aver-
aged over all 8 subjects (Croxton, 1959).
These data show that the relative variance
of peak foree was much lower (between .1
and .3) than the relative variance of dura-
tion (between .3 and .7). The relative vari-
ance of peak force deercased slightly (ap-
proximately .10) over the course of the 16
trials within cach band, but showed almost
no decrease (approximately .05) across
bands. On the other hand, relative variance
of duration decreased greatly both within
(approximately .25) and across (approxi-
mately .40) Bands A through D, but appar-
ently stabilized under Band E. For individ-
ual subjects the average relative variance of
peak foree ranged from .06 to .57, while the
average relative variance of duration
ranged from .22 to .99.

One subjeet was trained on both an as-
cending and descending series of bands in
order to test whether the results obtained
using the ascending series might be due to
order effects inherent in that series, rather
than to any true differentiation. This sub-
jeet generally attained an asymptotic level
of performance, in which at least 709¢ of
the responses were correct in both the as-
cending and descending series. The force
eriteria controlled the mean peak force per
trial in the same way for the deseending as
for the ascending series. The relative vari-
ance of peak foree for cach trial deereased
from Band A to Band E in the ascending
series and remained quite low (around .12)
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for the remainder of training, regardless of
the band criteria. This result suggests that
the relative variance of force is not a func-
tion of any particular band or level of
learning, but rather a function of the
amount of experience with the bite task.

Discussion

From the data presented in the previous
section it is possible to conclude that rats
can learn to differentiate their bite force in
much the same way as they learn to differ-
entiate their paw-press force. That the in-
crease in force seen in the ascending band
series is not attributable to order effects is
evidenced by the fact that the same control
of bite force by the reinforcement criteria is
shown for the subjcet tested in the descend-
Ing series.

Animals in the bite foree experiment ac-
tually appear to have attained higher levels
of differentiation, i.c., a greater percentage
of correct responses, than did those in the
paw-press experiments of Notterman and
Mintz (1965). The fact that the subjects in
the present experiment learned to emit more
correct responses might be due to a differ-
ence in procedure. As was noted previously,
the present experiment requires the subject
to walt a minimum of 3 sec. between bites.
No such restriction was placed on animals
in the paw-press experiments. This restrie-
tion prevents subjects from responding so
fast that it is impossible for the reinforce-
ment to be linked to a bite which actually
was correct and merited the reinforcement.
Without this restriction it might well be
difficult for the subjeet to discriminate ex-
actly which component of the response is
being reinforced. A comparison of learning
curves for bite force obtained with and
without the 3-see. blackout restriction, col-
lected from an earlier pilot study, indicates
that the best performance (in terms of the
percentage of correct responses after 10-15
trials) is approximately 10% higher in the
case in which the 3-sce. blackout was used.
Were the same 109% increase to be found if
the blackout procedure were used in Notter-
man’s cxperiments, the results of the paw-
press and the bite force differentiation re-
search would be almost identical as far as
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level of performance or learning is con-
cerned.

Notterman’s results, showing a high posi-
tive correlation between peak force and du-
ration, were obtained for 5 out of 9 of the
animals in the present study. This high cor-
relation makes it difficult to know which
component of the response, peak force or
duration, is actually controlled by the rein-
forcement. The present research suggests
that the relative variances of the 2 compo-
nents might give a clue to the solution of
this problem. As noted previously, when
force criteria are in effect and the force of
the response is being reinforced, relative
variance of peak force is much lower than
that of duration. On the other hand, prelim-
inary data from a study dealing with the
differentiation of response duration indieate
that when duration criteria are in cffect and
the =ubject 1s being reinforeed for specific
durations, the relative variance of duration
1 as low as or lower than that of peak
force.

In both Notterman’s and the present
study. an asvmptote in the learning curves
was obtained that was well below the per-
feet performance level. Notterman and
Mintz (1965) explain their maximum level
of performance by invoking a hypothesis
mvolving a self-imposed sehedule of rein-
forcement. However, there appears to be
little need to use such an unparsimonious
explanation as self-imposed scheduling to
explain a less-than-perfect level of perform-
ance. Other more objective explanations
are available. For example, a blackout pro-
cedure. such as that used in the present
study, which presumably elarifies the condi-
tions of reinforcement for the subject re-
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sults in a higher level of performance. Pro-
cedural, motivational, and physiological
factors should first be examined as determi-
nants of level of performance in tasks in-
volving differentiation of force under hand
criteria before resorting to more complex
and less readily testable factors.

One can conclude from this study that
the differentiation of the bite foree response
is based on neural mechanisms and behav-
loral processes similar to those mediating
the paw-press response, and that previous
findings based on the paw-press response
can bhe accepted as reflecting motor system
nechanisms common to other response <ys-
tems. It is nccessary to determine what
these mechanisms are, however, bhefore the
methods employed in and the results ob-
tained from studies of response differentia-
tion can be used to further our understand-
mg of the functioning motor svstem in the
intact, behaving organism.
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